Rubella virus (RuV) infection of pregnant women can cause fetal death, miscarriage, or severe fetal malformations, and remains a significant health problem in much of the underdeveloped world. RuV is a small enveloped RNA virus that infects target cells by receptor-mediated endocytosis and low pH-dependent membrane fusion. The structure of the RuV E1 fusion protein was recently solved in its postfusion conformation. RuV E1 is a member of the class II fusion proteins and is structurally related to the alphavirus and flavivirus fusion proteins. Unlike the other known class II fusion proteins, however, RuV E1 contains two fusion loops, with a metal ion complexed between them by the polar residues N88 and D136. Here we demonstrated that RuV infection specifically requires Ca 2+ during virus entry. Other tested cations did not substitute. Ca
Introduction
Rubella virus (RuV) is the causative agent of ''German measles'', an airborne, relatively mild childhood disease [for review, see 1, 2] . However, RuV infection of pregnant women can have very serious consequences due to transplacental infection of the fetus, causing first trimester miscarriages and severe fetal malformations known collectively as rubella congenital syndrome [2, 3] . Humans are the only known host for this virus. An efficient vaccine has all but eliminated the incidence of RuV disease in the Americas, although a reduction in vaccination recently led to resurgent cases [4] . RuV remains endemic worldwide and is a serious public health problem in countries without an effective vaccination program, which included 59% of the world birth cohort in 2012 [5] .
RuV is the sole member of the Rubivirus genus, which together with the Alphavirus genus makes up the Togaviridae family. As for all togaviruses, RuV is an enveloped virus with a positive strand RNA genome [for overview, see 2] . RuV is roughly spherical but relatively pleomorphic, with diameters ranging from ,60-80 nm [6] [7] [8] . The RuV genome is organized similarly to that of alphaviruses, and encodes the non-structural proteins p150 and p90, which mediate viral RNA replication and transcription, and the structural proteins capsid, E2, and E1. The genome associates with capsid proteins to form the internal nucleocapsid core, which is enveloped by a lipid bilayer containing heterodimers of the E2 and E1 transmembrane glycoproteins. While this general organization is similar to that of the alphaviruses, cryo-electron tomography studies show that the RuV surface is organized with parallel rows of E2-E1 heterodimers rather than the T = 4 icosahedral symmetry of the alphaviruses [7, 8] .
During RuV biogenesis the structural polyprotein p110 is translated in association with the endoplasmic reticulum (ER), and signal peptidase cleavage produces the capsid, E2 and E1 proteins. E2 and E1 form stable heterodimers within the ER, with E2 acting as a chaperone to promote the folding and sorting of E1 [9] [10] [11] [12] . Unlike alphavirus E2, which is processed by cellular furin to prime virus infectivity [13] , RuV E2 and E1 do not undergo a proteolytic maturation step [2] . RuV particles bud into the Golgi apparatus, traffic through the secretory pathway, and are released into the extracellular milieu [14] [15] [16] .
Most of the RuV antigenic determinants and all of its neutralizing epitopes are located on the E1 protein [17, 18] , which is therefore postulated to mask the E2 protein in the virus particle. During RuV entry E1 binds to cell surface receptors [19] that mediate virus uptake by clathrin-dependent [20] and/or macropinocytic [21] pathways. Similar to the alphaviruses [22] , RuV fuses in endosomes via low pH-triggered conformational changes in the E1 fusion protein [23] [24] [25] [26] . However, in spite of this general outline of RuV entry, mechanistic information is relatively limited and is heavily based on analogy with the alphavirus entry and fusion pathways.
The alphavirus and flavivirus membrane fusion proteins have similar structures and have been grouped together as ''class II'' fusion proteins [reviewed in 27] . The postfusion structure of the RuV E1 ectodomain was recently determined [28] , revealing it to be a class II fusion protein despite the lack of amino acid sequence conservation with the alpha-or flavivirus fusion proteins. Similar to other class II proteins, RuV E1 is composed of three b-sheet-rich domains: a central domain I (DI) connecting on one side to the elongated DII, and on the other to the Ig-like DIII followed by the stem and transmembrane (TM) regions [28] . As for the postfusion forms of other class II proteins, postfusion RuV E1 is a stable homotrimer with a central trimer core composed of DI and DII, against which the DIII and stem regions fold back to form an overall hairpin-like configuration. Extensive studies of class II proteins demonstrate that fusion is driven by the initial insertion of the fusion loop (FL) at the tip of DII into the target membrane, followed by refolding to the hairpin thus bringing the viral and target membranes together [reviewed in 27, 29] .
In addition to these similarities, the structure of RuV E1 revealed a puzzling difference from other class II fusion proteins, and indeed from all other known viral fusion protein structures [28] . Rather than the single FL of other class II fusion proteins, RuV E1 contains two FLs at the tip of DII [30] (FL1, residues 88-93; FL2, residues 131-137), making a more extensive surface for target membrane interaction. Other fusion proteins such as those of the baculoviruses, herpesviruses, and rhabdoviruses have also been shown to contain two FLs [30] [31] [32] . However, in the case of RuV, a metal binding site is located between the two FLs. The E1 structure shows that this site coordinates either Na + or Ca
2+
ions via interactions with residues N88 in FL1 and D136 in FL2 [28] . Ca 2+ binds with apparent higher affinity and displaces Na 
Results

Calcium is required during RuV infection
The importance of calcium during RuV entry was tested by prebinding virus to target Vero cells on ice and then incubating at 37uC in medium containing various concentrations of CaCl 2 . To avoid possible effects of calcium deprivation on endosomal acidification [33] , the internalization period was limited to 20 min. Cells were then incubated in growth medium containing NH 4 Cl to neutralize endosomal pH, and infected cells scored at 48 h post-infection by immunofluorescence (Fig. 1A) . RuV infection was strongly dependent on the concentration of Ca 2+ , with infection efficiency decreased by more than 90% in the presence of 30 mM CaCl 2 vs. 2 mM CaCl 2 . Infection by the low pH-dependent alphavirus Semliki Forest Virus (SFV) was independent of Ca 2+ under these conditions, excluding aberrant endosomal acidification. Addition of CaCl 2 after the 20 min internalization period but prior to endosomal neutralization by NH 4 Cl did not cause significant rescue of RuV infection (p.0.05) (Fig. 1B) . This result suggests that the internalized RuV particles were inactivated by endosomal acidity during the 20 min uptake period. While the lack of rescue could be due to several factors such as rapid acid-inactivation and/or an inability of added calcium to access the virus-containing endosomes, it demonstrates that Ca 2+ deprivation did not simply delay RuV endocytosis. Together our data support a critical and specific role of Ca 2+ during productive RuV entry.
Calcium is required for RuV fusion
Given the location of bound Ca 2+ between the two E1 FLs [28] , we hypothesized that it plays a role in RuV fusion with target membranes, a complex process not yet fully understood. Although RuV is known to require acidification to initiate fusion [23, 24] , its pH threshold has not been determined. A fusion-infection assay previously developed for alphaviruses [34] was used to measure this precisely. RuV was prebound to Vero cells on ice, pulsed for 3 min at 37uC with medium of defined pH, and the resultant infected cells scored by immunofluorescence ( Fig. 2A and B) . No infection was detected upon treatment at pH 7.0, indicating that virus fusion in endosomes does not occur within this time frame. Infection was observed after treatment at pH 6.2, and gradually decreased at lower pH values, presumably reflecting virus inactivation by acidic pH. The kinetics of RuV fusion were then determined by pulsing bound RuV at pH 7.0 or 6.0 for various times (Fig. 2C ). Infection increased with time of treatment at pH 6.0, reaching a maximum at 4 min. Infection from pH 7.0 incubation was first detected after 5 min and increased thereafter, reflecting the time required for virus endocytic uptake and endosomal fusion. Together our data indicate that the RuV fusion reaction is optimal at 4 min of treatment at ,pH 6.0-6.2 at 37uC.
We then used this assay to determine the role of Ca 2+ in RuV fusion (Fig. 3A) . Treatment for 4 min at neutral pH did not allow
Author Summary
Rubella virus (RuV) is a small enveloped RNA virus causing mild disease in children. However, infection of pregnant women can produce fetal death or congenital rubella syndrome, a constellation of severe birth defects including cataracts, hearing loss, heart disease and developmental delays. While vaccination has greatly reduced disease in the developed world, rubella remains prevalent in developing countries and other undervaccinated populations. RuV infects cells by endocytic uptake and a low pHtriggered membrane fusion reaction mediated by the viral E1 protein. The postfusion structure of E1 revealed a metal ion complexed at the membrane-interacting tip of the protein. Here we demonstrated that RuV infection and fusion are completely dependent on calcium, which could not be replaced functionally by any other metal that was tested. In the absence of calcium, RuV entry and low pHconformational changes were unchanged, but E1's interaction with the target membrane was specifically blocked. Mutations of the calcium-binding residues in E1 caused a similar inhibition of E1 membrane interaction, fusion and infection. Thus, RuV E1 is the first known example of a calcium-dependent virus fusion protein.
RuV fusion whether Ca
2+ was present or not. In contrast, fusion at pH 6.0 or 5.8 was strongly dependent on Ca
2+
, with increases of up to 46-fold with 2 mM CaCl 2 compared to calcium-free treatment. Addition of the calcium chelator EDTA completely abrogated fusion at both pH 5.8 and 6.0. Treatment at very low pH (5.0) did not rescue fusion in the absence of Ca 2+ (Fig. S1 ), indicating that the fusion defect is not due to an acid-shift in the RuV pH threshold. A similar calcium dependence for RuV fusion was observed using HeLa cells or primary human umbilical vein endothelial cells as targets (Fig. S2) . As predicted [34, 35] , SFV fusion was strongly pH-dependent but calcium-independent (Fig. 3B) .
To control for a possible effect of calcium on RuV binding to target cells, we performed fusion-infection assays in which the binding and/or fusion steps were carried out in the presence of EDTA or CaCl 2 (Fig. 3C) . As observed also in Fig. 3A, fusion (Fig. 4A, Fig. S3 ). When fusion was triggered using a sub-optimal concentration of Ca 2+ (0.5 mM), the addition of Mg 2+ at concentrations up to 20 mM neither substituted nor competed with Ca 2+ (Fig. 4B ). The structure of the RuV E1 homotrimer shows that the bound Ca 2+ is coordinated in part by an acetate ion [28] . However, when tested in the fusion-infection assay CaCl 2 and Ca(C 2 H 3 O 2 ) 2 promoted fusion with a similar concentration dependence (Fig. 4A) , implying that acetate is not critical for the role of Ca 2+ during fusion.
Low pH-triggered E1 conformational changes are Ca
2+ independent
Low pH triggers the irreversible rearrangement of the prefusion RuV E2-E1 heterodimer to the E1 hairpin-like homotrimer, driving fusion of the virus with a target membrane [24, 28] or virus inactivation in the absence of target membranes [24] . To determine if the role of Ca 2+ in fusion is via effects on this conformational change, we first examined the effect of Ca 2+ on low pH inactivation [36] . RuV particles were immobilized on poly-D-lysine-coated wells, treated with neutral or low pH buffers in the presence or absence of CaCl 2 or EDTA, overlaid with Vero cells and incubated for 48 h in growth media to quantitate virus infectivity ( Fig. 5A and B). Fluorescence microscopy confirmed that buffer treatments did not cause elution of the adsorbed virus from the wells (Fig. 5A, Fig. S4 ). Virus infectivity was maintained after treatment at neutral pH whether or not Ca 2+ or EDTA was present, but low pH caused virus inactivation under either condition.
To directly test the role of Ca 2+ in the RuV E1 conformational change, we used a previously described assay [24] to compare the trypsin-resistance of prefusion vs. postfusion E1. Radiolabeled RuV was treated at neutral vs. low pH, solubilized in non-ionic detergent, digested with trypsin, and precipitated with a monoclonal antibody (mAb) to E1 ( Fig. 5C and D) . Non-digested samples treated at either pH showed efficient co-precipitation of the E2-E1 dimer. While trypsin completely digested the samples treated at pH 8.0, three distinct species were immunoprecipitated from the trypsinized low pH-treated samples: a tight doublet migrating slightly faster than uncleaved E1 (,55 kDa) and a band of lower molecular weight (,41 kDa). These species were immunoprecipitated by mAb to the E1 protein but not the E2 protein (Fig. S5 ), confirming that they were derived from digestion of the E1 protein. Low pH-triggered production of trypsinresistant E1 was unaffected by the presence of either CaCl 2 or EDTA. Thus, Ca 2+ is not required for the low pH-triggered conformational change that leads to RuV inactivation and E1 trypsin-resistance.
Ca
2+ is required for RuV E1-membrane interaction An early step in viral membrane fusion pathways is the insertion of the fusion peptide or fusion loops into the target membrane. This step confers virus-target membrane association and can be monitored by testing the cofloatation of virus with target liposomes [37] . To test the role of Ca 2+ in E1-membrane insertion, radiolabeled RuV was mixed with liposomes and treated at neutral or low pH in the presence of EDTA or CaCl 2 . Liposomes plus associated virus were separated on sucrose floatation gradients (Fig. 6A) . Little virus was associated with the floated liposomes when treated at either pH in the absence of Ca 2+ . However, efficient virus-liposome interaction (,74% of input virus) was observed when low pH treatment was carried out in the presence of 2 mM CaCl 2 . Even at pH 8.0, 2 mM CaCl 2 caused a small increase (,10%) in virus-liposome association. Once the virus was associated with liposomes, stable interaction was maintained even though the gradients did not contain Ca 2+ . Ca 2+ did not promote non-specific electrostatic interactions of virus with membranes, since SFV-liposome floatation was strictly low pH-dependent and unaltered by the presence or absence of CaCl 2 (Fig. 6B) .
Our data indicate that complete RuV fusion is Ca 2+ -dependent. To test whether initial lipid mixing between RuV and cell membranes can occur in the absence of calcium, we labeled RuV with a self-quenching concentration of the lipophillic dye DiD. Virus was prebound to Vero cells at 4uC, and then samples were pulsed for 2 min at 37uC with medium at pH 6.0 or 7.0 and containing 2 mM CaCl 2 or EDTA as indicated. Lipid mixing was assessed by measuring the increase in fluorescence that resulted from the dequenching of the DiD probe ( Fig. 6C and 6D) . Upon pulsing at pH 7.0, only background fluorescence was observed. In contrast, a strong homogeneous signal was detected at the surface of the cells after treatment at pH 6.0 in presence of CaCl 2 . This low pH-triggered fusion was blocked by omission of CaCl 2 or the addition of EDTA. We then tested whether calcium was also required for fusion and lipid mixing in endosomes. DiD-labeled RuV was prebound to Vero cells and virus uptake allowed to occur for 20 min at 37uC in medium containing 2 mM CaCl 2 or 20 mM NH 4 Cl. Cells were immediately fixed after the internalization period and analyzed by confocal microscopy. Virus fusion . Cells were washed and incubated for 3 min at 37uC in calcium-containing medium at the indicated pH, and then cultured 48 h at 37uC in growth medium plus 20 mM NH 4 Cl to prevent secondary infection. Infected cells were detected by immunofluorescence (green), and nuclei were counterstained with Hoescht (blue). (B) Quantitation of (A). Data were normalized to maximal fusion, which was observed at pH 6.2 in each experiment. Graph shows the mean and standard deviation of 4 independent experiments. (C) Kinetics of RuV fusion. A fusion infection assay was performed as in (A), using calcium-containing buffers at either pH 7.0 or pH 6.0 and treating for the indicated time at 37uC, followed by addition of growth medium containing 20 mM NH 4 Cl and culture for 48 h. Graph shows the mean and standard deviation of 3 independent experiments. doi:10.1371/journal.ppat. 1004530.g002 in endosomes resulted in numerous bright fluorescent foci when uptake occurred in presence of CaCl 2 ( Fig. 6E-D) . DiD dequenching was severely impaired by preventing endosomal acidification with NH 4 Cl, by preventing endocytic uptake by incubation at 4uC, or by removing calcium from the media during virus internalization. Together, our data support a critical role of calcium for RuV E1-membrane interaction and for the initial lipid-mixing stage of fusion.
Mutation of the Ca
2+ -coordinating residues on E1 specifically abrogates RuV infectivity
The RuV E1 trimer structure shows that Ca 2+ is coordinated by residues N88 and D136 in FL 1 and 2, respectively [28] (Fig. 7A) . Such polar/charged residues are commonly involved in coordination of Ca 2+ , but are usually absent from fusion peptides [38] , having the potential to hinder their insertion into the target membrane. We tested whether we could overcome the RuV calcium requirement by substituting these residues with alanine, an uncharged residue that is common in fusion loops [38] . Mutant viral RNAs were transcribed from the RuV infectious clone and electroporated into BHK-21 cells. Cells electroporated with WT RuV RNA produced infectious particles as soon as 24 h, and reached a maximum titer of 1610 7 IC/ml at 72 h postelectroporation (Fig. 7B) . In contrast, neither the single N88A or D136A mutants nor the double mutant N88A,D136A produced detectable infectious virus under the same conditions. Equivalent expression of E1, E2 and capsid was detected in WT vs. mutantinfected cells, ruling out a problem in mutant viral protein expression (Fig. 7C) . The amount of virus particles pelleted from the medium at 48 h post-electroporation was comparable between WT and mutants (Fig. 7C ). The efficiency of particle release (normalized to expression levels in the cell lysates) was equivalent between WT and mutants (Fig. 7D) . Thus, mutation of the Ca 2+ -coordinating residues in RuV E1 does not overcome the requirement for calcium. Instead, these mutations are lethal to RuV infection without affecting virus synthesis and assembly.
Phenotype of the E1 N88A,D136A mutant recapitulates that observed in absence of Ca
2+
Fusion-infection assays of the mutants revealed that their infectivity was not rescued even by low pH-treatment in the presence of 20 mM CaCl 2 (Fig. S6) . We therefore tested specific steps of entry and fusion for the N88A,D136A double mutant. Binding studies showed that the efficiency of radiolabeled WT and mutant virus binding to Vero cells on ice was comparable (Fig. 8A) . Co-immunoprecipitation analysis of solubilised virus showed that both the WT and mutant E1 proteins were efficiently recognized by a commercial mAb to RuV E1 and that similar levels of E2 were retrieved, indicating comparable stability of the E2-E1 dimer interaction (Fig. 8B) . Together with the efficient assembly of the mutant (Fig. 7D) , these results thus suggest that the folding of N88A,D136A E1 is not aberrant.
To test the possibility that these mutations compromise the low pH-triggered structural reorganization of the E1 protein, we evaluated the conversion of E1 N88A,D136A to trypsin-resistance (Fig. 8C) . Both WT and mutant E1 were totally digested by trypsin after treatment at neutral pH, consistent with a similar heterodimeric structure. After low pH treatment similar proportions of the mutant and E1 WT were trypsin-resistant (Fig. 8C) . We then compared the membrane interaction of WT virus and the N88A,D136A mutant (Fig. 8D) . While low pH treatment in the presence of Ca 2+ produced efficient liposome association of the WT virus, the mutant virus showed only background levels of liposome floatation at either pH. Thus, our data indicate that the N88A,D136A mutant virus was comparable to the WT in all properties save for the ability of mutant E1 to interact with the target bilayer, a critical step in using the energy of E1 homotrimer formation to drive the fusion of the virus and target membranes. The properties of the E1 N88A,D136A mutant completely recapitulated the defect in the fusion of WT RuV in the absence of calcium, thus confirming the importance of Ca 2+ coordination during the RuV fusion process. Together our results suggest that the primary role of RuV E1 calcium binding is not to compensate for the negatively charged D136 residue, but rather a more specific role in promoting E1-membrane interaction.
Discussion
Here we demonstrated that Ca 2+ is strictly required for WT RuV liposome association, membrane fusion, and virus infection. A similar specific block resulted when the key Ca 2+ binding residues E1 N88 and/or D136 were substituted with alanine. In contrast, RuV binding to the cell surface, endocytic uptake, and E1 conformational changes did not require Ca 2+ coordination. An early study showed an effect of calcium in cell-cell fusion mediated by HIV-1, but the mechanism of this effect is undefined [39] . Cellular calcium levels are known to be critical for infection by non-enveloped viruses such as polyomavirus and rotavirus [40, 41] . However, in these examples Ca 2+ stabilizes the virus core and the low Ca 2+ concentration of the cytosol promotes uncoating during virus entry. In contrast, WT RuV particles were stable in the absence of Ca 2+ and the N88 and D136 mutants showed normal virus assembly and release. Our results thus define a specific requirement for Ca 2+ during RuV fusion. To our knowledge, RuV E1 represents the first example of a Ca 2+ -dependent virus fusion protein.
The low pH-triggered interaction of RuV with liposomes was inhibited in the absence of Ca 2+ , reflecting the Ca 2+ -dependence of E1 insertion into the target membrane. In contrast to our results with virus particles, association of the purified RuV E1 homotrimer with target membranes occurs at either neutral or low pH in the presence of Ca 2+ , and at low pH in the absence of Ca 2+ [28] . Although Dubois et al. hypothesized that calcium could be involved in direct attachment of the virus to the target cell lipid bilayer at neutral pH [28] , our data demonstrated that Ca 2+ is not required for the binding of virus to cell surface receptors, while stable E1-membrane interaction requires both low pH and Ca 2+ . The differences between our results and those of DuBois et al. probably reflect several differences between experimental systems, including the use of the postfusion E1 ectodomain homotrimer, overnight pH treatment, and target membranes containing negatively-charged lipids. Nevertheless, despite these differences, both studies are consistent with an important role of calcium in E1-membrane interaction.
Our data demonstrate that RuV encounters low pH and a calcium concentration compatible with fusion during virus transit through the endocytic pathway (Fig. 6E ). This is intriguing because both pH and Ca 2+ concentration are reported to fluctuate in this pathway. While the Ca 2+ concentration is high in the extracellular milieu, one report indicates that the level of calcium drops to concentrations #10 mM in early endosomes [33] due to the presence of pH-dependent Ca 2+ channels that compensate for the influx of protons into the endosomal lumen [42] . The Ca 2+ concentration then appears to increase to 500 mM in late endosomes/lysosomes [43] . How might RuV fuse in the environment of the endocytic pathway? Our understanding of the Ca 2+ concentration in the endocytic pathway is currently incomplete, and endosomes themselves are heterogeneous organelles with distinct characteristics [44] . The simplest explanation would be that virus-containing vesicles reach a proper pH for RuV fusion before the Ca 2+ concentration becomes suboptimal. Alternatively, Ca 2+ could remain bound to RuV E1 for sufficient time to promote fusion. Our data indicate that removal of calcium immediately prior to low pH treatment impaired fusion at the plasma membrane, in keeping with the relatively weak nature of Ca 2+ -E1 binding [28] . However, calcium binding might be stabilized by coordination by a lipid headgroup, replacing the acetate ion observed in the crystal structure. Alternatively, RuV might first encounter low pH in the early endosome but fuse in a later endosomal or lysosomal compartment that has a higher Ca 2+ concentration [43, 45] . However, this model does not agree with the rapid inactivation we observed when RuV was exposed to low pH in the absence of Ca 2+ . The Ca 2+ concentration required for virus fusion in the endosome might differ from those we observed in vitro, perhaps due to differences in lipid composition, luminal ionic environment, or membrane-associated Ca 2+ . Our limited knowledge of endosomal calcium concentration relies on imprecise probes that detect luminal calcium, while the critical concentration of calcium is presumably that at the endosomal membrane. It is even possible that the virus somehow increases the Ca 2+ concentration of the endosome compartment, as there are examples of viruses that alter cellular calcium levels during entry [e.g., 46]. While more work will be required to define the intracellular site and Ca 2+ conditions for RuV fusion in vivo, our data clearly demonstrate that both RuV fusion and infection require calcium.
The calcium-dependent RuV-lipid interaction is reminiscent of other calcium-dependent lipid binding proteins such as the TIM family [28, 47] and the synaptotagmin proteins [48, 49] . Bound Ca 2+ can enable these proteins to interact with negatively-charged lipids such as phosphatidylserine [50] [51] [52] . However, to date our results suggest that rather than inducing binding of negatively charged lipids, Ca 2+ plays a different role in the function of RuV E1. The liposomes used in our membrane interaction studies did not contain negatively-charged lipids, and efficient RuV-plasma membrane fusion occurred in spite of the scarcity of negativelycharged lipids in the outer leaflet of the PM [53] . E1's Ca 2+ binding does not act simply to compensate for N88 polarity and D136 negative charge, since their substitution with apolar alanine residues did not rescue RuV membrane interaction or fusion. The two FLs are presumably optimized to form a structurally specific Ca 2+ binding site. Indeed, while Na + binds to the two FLs, Na + did not permit RuV-membrane interaction or fusion. The Na + bound conformation of FL2 differs significantly from that of Ca 2+ bound FL2, including an important rotation of D136 [28] . These differences in conformation upon Ca 2+ binding could align the two FLs in the correct orientation for optimal membrane insertion. It is also important to note that the effect of Ca 2+ on the conformation of the FLs could differ in target membrane-inserted RuV E1 vs. the crystal structures, which were determined in solution. The calcium requirement is not simply a consequence of the presence of two FLs, since viral fusion proteins such as vesicular stomatitis virus G protein and herpes simplex virus gB also have two FLs, but function efficiently without having a metal binding site [31, 32] . Thus the mechanistic role of Ca 2+ in RuV fusion, while clearly critical, is as yet unclear, and it will be important to address the effect of Ca 2+ on the membrane-inserted conformation of the FLs.
To date, RuV E1 is the only viral fusion protein that is known to require metal binding for its function. Within the Togaviviridae and Flaviviridae, RuV is unique in having two FLs, a Ca 2+ requirement, and humans as the only natural host. The selective advantage of the unique RuV fusion mechanism and the nature of the evolutionary pressure that produced it are unclear. Presumably these relate to the key step of fusion protein-membrane insertion, a process that is not well understood for any viral fusion protein.
Definition of the role of Ca 2+ in this process thus will help to advance our understanding of the overall function of viral fusion proteins and may prove useful for their therapeutic control.
Materials and Methods
Cells
Vero and HeLa cells from ATCC were a kind gift of Dr. Kartik Chandran, and were maintained at 37uC in growth medium: Dulbecco's modified Eagle's medium (DMEM) containing 5% fetal bovine serum, 1% L-glutamine, 100 U penicillin/ml and 100 mg streptomycin/ml. BHK-21 cells were cultured in growth medium with the addition of 10% tryptose phosphate broth. Primary human umbilical vein endothelial cells were obtained from a commercial source (Lonza, NJ) and maintained according to manufacturer's instructions in Endothelial Cell Growth Medium (Lonza, NJ).
Infectious clones and mutagenesis
The RuV M33 infectious clone (pBRM33) [54] was a kind gift from Dr. Tom Hobman (University of Alberta, Edmonton, Canada). In vitro mutagenesis was performed using intermediate plasmids derived from pGEM-5zf(-) plasmid (Promega). pGEM33-SphI/BamHI and pGEM33-XbaI/HindIII (in which the BamHI in the multiple cloning site was removed by site-directed mutagenesis) contained the corresponding fragments from the M33 clone. pGEM33-SphI/BamHI was used as a template for circular site-directed mutagenesis [55] , cut with SphI/BamHI and ligated into pGEM33-XbaI/HindIII. The mutated Xba/HindIII fragments were then subcloned into pBRM33 to generate the final RuV E1 N88A,D136A, and N88A,D136A infectious clones. Sequences were confirmed by automated DNA sequencing. The SFV strain used was a well-characterized plaque-purified isolate propagated in BHK-21 cells [56] . Purified radiolabeled SFV was derived from the pSP6-SFV4 infectious clone [57] .
In vitro transcription, virus production and titration
RuV viral RNAs were in vitro transcribed from pBRM33 and electroporated into BHK-21 cells to generate virus stocks [57] . Culture supernatants were harvested 48-72 h post-electroporation, supplemented with 10 mM Hepes pH 7, clarified by centrifugation at 10006 g for 5 min and frozen at 280uC in aliquots. RuV titers were determined by a modified infectious center assay [58] . Briefly, serial dilutions of viruses were incubated with Vero cells for 4 h at 37uC, a time point that permits maximal RuV entry, and then cultured for 48 h in the presence of 20 mM NH 4 Cl to block secondary infection. This time point was chosen because of the relatively slow replication kinetics of RuV. Infected cells were quantitated by immunofluorescence and titers calculated as infectious centers (IC)/ml.
To produce radiolabeled RuV, BHK-21 or Vero cells were electroporated with in vitro transcribed viral RNA [57] . At 24 h post-electroporation, infected cells were radiolabeled with 150 mCi/ ml [S 35 ]-methionine/cysteine for 24 h at 37uC. Supernatants were then harvested, clarified and pelleted at 210,0006g for 3 h at 4uC. The virus pellet was resuspended in 50 mM Tris pH 7.4, 100 mM NaCl and purified on a continuous Pfefferkorn sucrose gradient [59] and stored in aliquots at 280uC. Purified WT RuV was still infectious, reaching titers of up to 1610 8 IC/ml.
Immunofluorescence
As described previously [34] , cells were washed in PBS, fixed in 4% paraformaldehyde for 20 min, then permeabilized 5 min in PBS containing 0.2% Triton X-100. Permeabilized cells were washed once, then incubated 2 h at 37uC in PBS containing 5% BSA and an anti-RuV (LifeSpan BioSciences, Inc) or an anti-SFV envelope protein serum [60] . Labeled cells were washed twice, and then incubated at room temperature for 30 min in PBS containing secondary antibodies and 1 mg/ml Hoechst (Invitrogen) to counterstain nuclei. Stained cells ($5 fields/condition) were imaged by conventional epifluorescence microscopy using a Zeiss Cell Observer system (Zeiss) equipped with an Axiovert 200M microscope and 106 objective. The proportion of infected cells was evaluated by automated counting of infected cells versus nuclei using the CellProfiler cell image analysis software (www.cellprofiler. org/). Multiplicity was adjusted to be in the linear range.
Virus infection assays
RuV (MOI = 1) or SFV (MOI = 10) was bound on ice to prechilled Vero cells for 1.5 h in binding medium (RPMI without NaBicarbonate, plus 0.2% BSA and 10 mM Hepes, pH 7.0). Unbound viruses were removed by washing, and cells were shifted to 37uC to permit entry for 20 min in calcium-free media (calcium-free MEM, Sigma-Aldrich) supplemented with 10 mM Hepes pH 7, 0.2% BSA and the indicated concentrations of CaCl 2 . The cells were then incubated in growth media (with calcium) containing 20 mM NH 4 Cl for 48 h at 37uC, and infected cells were scored by immunofluorescence. Alternatively, after binding on ice the cells were shifted to 37uC for 20 min+/22 mM 
Fusion-infection assay
Similar to a published assay [34] , RuV (MOI 1-5) or SFV (MOI 2.5-5) was prebound for 1.5 h on ice to Vero cells in binding medium. Cells were washed and incubated at 37uC for the indicated time in fusion medium of the indicated pH (either RPMI or calcium-free MEM, without bicarbonate, plus 0.2% BSA and 20 mM MES). For experiments testing pH values lower than 5.8, fusion media was buffered with a combination of 10 mM MES and 10 mM Na-succinate. After the pH pulse cells were washed and incubated in growth medium containing 20 mM NH 4 
Low-pH inactivation assay
Similar to a previously described protocol [36] , RuV was spun at 4uC for 1 h at 15006 g onto poly-D-lysine treated coverslips. Coverslips with immobilized virus were washed in PBS, and treated with RPMI-based fusion medium at the indicated pH for 15 min at 37uC. A single cell suspension of Vero cells in growth medium was overlaid onto the washed coverslips and centrifuged at 2006 g for 5 min. Cells were transferred to 37uC for 1 h to permit virus entry, incubated for 48 h in growth medium plus 20 mM NH 4 Cl, and scored by immunofluorescence. Note that the initial amount of virus added to the coverslips corresponded to an MOI of 1.
Trypsin-resistance assay
The low pH-triggered conformational change in RuV E1 was quantitated by trypsin-resistance essentially as previously described [24] . In brief, purified radiolabeled RuV was treated at pH 8 or 6 in the presence of 2 mM CaCl 2 or 1.5 mM EDTA for 5 min at 37uC. Samples were then adjusted to pH 8, solubilized with 1% NP40, and digested with 125 mg trypsin/ml for 30 min at 37uC. Digestion was quenched by addition of a final concentration of 125 mg/ml soybean trypsin inhibitor, 1 mM PMSF and 0.1 TIU aprotinin/ml. Trypsin-resistant E1 was recovered by immunoprecipitation [60] using a mAb to RuV E1 (Meridian LifeScience). Samples were boiled in LDS sample buffer under reducing conditions, resolved by SDS-PAGE and analyzed by autoradiography. The E1-E2 dimer was also assessed by immunoprecipitation of radiolabeled virus with E1 or E-specific mAbs (Meridian LifeScience).
Virus-liposome association assay
Liposomes composed of a 1:1:1:1.5 molar ratio of phosphatidylcholine (egg yolk), phosphatidylethanolamine (egg yolk), sphingomyelin (bovine brain) and cholesterol (Avanti Polar Lipids, Alabaster, Ala) were prepared in MES saline (20 mM MES pH 7; 130 mM NaCl) by freeze-thaw and extrusion through 400 nm polycarbonate filters [61] . Low pH-triggered virus-liposome association was determined based on a published method [59] . Briefly, radiolabeled RuV was mixed with 0.2 mM liposomes plus 1.5 mM EDTA or 2 mM CaCl 2 where indicated and treated at pH 8.0 or 6.0 for 1 min at 37uC. Samples were adjusted to pH 8.0 and 40% sucrose, layered onto a 60% sucrose cushion and overlaid with 25% and 5% sucrose (all percentages are wt/vol) in 50 mM Tris pH 8 and 100 mM NaCl. Gradients were centrifuged at 210,0006 g for 2 h at 4uC in the TLS-55 rotor, and fractionated into seven equal fractions. Virus-liposome cofloatation was calculated as the percentage of the total virus radioactivity recovered in the top two liposome-containing fractions. Total recovery of virus radioactivity was ,95%.
Lipid mixing RuV fusion assay
Purified RuV (1.2 mg) was labeled with a self-quenching concentration of the DiD lipid probe. Virus was diluted in 48 ml of buffer (5 mM HEPES, 150 mM NaCl, 0.1 mM EDTA pH 7), 2 ml 0.25 mM DiD (Invitrogen) in DMSO was injected while mildly vortexing and the mixture was incubated at room temperature for 10 min. Labeling did not cause a significant decrease in virus infectivity. Labeled particles were diluted in binding medium, and 150 ng virus was incubated for 1 h on ice with Vero cells plated in 8 well Lab-Tek chambers (Thermo Scientific, Waltham, MA). To trigger fusion at the plasma membrane, cells were then directly treated for 2 min at 37uC in fusion media at the indicated pH, supplemented with 2 mM CaCl 2 or 2 mM EDTA. To allow fusion in endosomes, cells were washed and then incubated for 20 min at 37uC or 4uC in MEM fusion medium containing 2 mM CaCl 2 as indicated. In parallel, 1 set of cells was pre-incubated with 20 mM NH 4 Cl for 2 h at 37uC and maintained with NH 4 Cl throughout the experiment.
Following treatments, cells were washed, fixed in 4% paraformaldehyde, and nuclei were counterstained with Hoechst. Samples were analyzed using a SP5 Leica confocal microscope equipped with an Acousto-Optical Beam Splitter (Einstein Analytical Imaging Center). Several 0.25 mm Z-stacks from several fields were taken using exactly the same settings. A maximal Z-stack projection was generated from which the DiD signal from $200 cells was quantified using ImageJ (NIH, http://imageJ.nih. gov/ij). The data are presented as the average amount of DiD signal calculated per nucleus enumerated.
Growth kinetics and virus assembly assays
BHK-21 cells were electroporated with RuV RNAs, and then seeded in four 35 cm wells and cultured in growth media for 72 h. Culture medium was harvested at the indicated times and infectious particles titered by infectious center assay, all as described above. The efficiency of particle assembly was determined at 48 h post-electroporation by pelleting half of the culture medium at 210,0006g for 3 h at 4uC and lysing the cells. Proteins from both samples were resolved by SDS-PAGE and analyzed by Western-blot using an anti-RuV serum (Meridian Life Science). Virus particle release was evaluated by comparing the ratio of the virus and cell lysate E1, E2 and capsid bands using the Odyssey Infrared system (Li-Cor).
Virus-cell binding assay
Binding of radiolabeled RuV to Vero cells was determined as previously described [59] , using a 1.5 h incubation in binding medium on ice. Figure S1 Ca 2+ -dependence is not overcome by treatment lower than the RuV pH threshold. Fusion-infection assays were performed with RuV in Vero cells as in Fig. 2A , but treating at the indicated pH for 4 min at 37uC in calcium-free fusion medium (control) supplemented as indicated with 1.5 mM EDTA or 2 mM CaCl 2 . Data were normalized to the pH 6.0-treated samples in medium plus CaCl 2 . (TIF) Figure S5 Trypsin-resistant RuV protein species are derived from the E1 protein. Purified radiolabeled RuV was treated at the indicated pH for 5 min at 37uC and digested with trypsin with or without inhibitor as in Figure 5C . Samples were then precipitated with mAbs to E1 or E2 and analyzed by SDS-PAGE and autoradiography. (TIF) Figure S6 The E1 N88A and D136A mutations inhibit virus fusion at the plasma membrane. A fusion infection assay was performed as described in Fig. 3A , using WT RuV (MOI = 2.5) and an equivalent volume of the RuV E1 N88A,D136A and N88A,D136A virus stocks. Fusion medium was supplemented with 2 mM CaCl 2 (WT) or 2 and 20 mM CaCl 2 (mutants). Graph shows the range and mean of 2 independent experiments. (TIF)
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